(Submitted for publication January 25, 1960; accepted February 16, 1961) The oxygen cost of increased respiratory activity can be measured by subtracting the oxygen consumption at rest from that observed during the increased respiratory activity. The efficiency of the system can be assessed when the increased respiratory mechanical work is related to the oxygen cost.
Previous estimates of efficiency in man have varied very widely, possibly because very different forms of respiratory work have been employed. Some workers have increased the pressure component of respiratory work by additions to the external air flow resistance, a procedure which will be referred to hereafter as "resistance breathing." In other studies, the volume component of respiratory work has been augmented by increasing the minute volume, without any addition of airway resistance: this will be referred to as "hyperventilation." No investigator employing one experimental technique has studied the oxygen cost of both of these forms of activity.
The first objective of this study was to ascertain whether the relationship of oxygen cost to mechanical respiratory work is the same for hyperventilation as for resistance breathing in normal subjects. The second was to test whether the same relationships hold in the presence of diseases which alter the mechanical properties of the lung.
There is evidence, however, that mechanical work is not the most revealing parameter with which to compare energy consumption. For example, the support of a heavy object at a fixed distance from the ground involves energy consumption but results in no measurable mechanical work, although it is likely that the increased energy consumption would relate to the weight of the object and the length of time it was supported. * Research Associate of the National Research Council of Canada.
It was considered of interest to establish the relationship of oxygen consumption of the respiratory muscles to the force exerted by them on the lung.
METHOD
Five healthy volunteer sedentary workers, 5 subjects with obstructive respiratory disease, and 4 cardiac patients were selected for study. Selection of patients was determined by the presence of abnormalities of the mechanical properties of the lungs (Table I ). All the patients with obstructive lung disease had moderately severe impairment of exercise capacity except Subject 6 in whom impairment was mild. The two subjects with mitral stenosis had moderate functional disability meriting surgical intervention, while the patients with mitral regurgitation and atrial septal defect suffered from no more than minimal limitation of exercise tolerance. The physical characteristics and results of routine lung function tests are listed in Table I .
Pressure was measured in the esophagus with an esophageal balloon and differential transformer manometer 1 with subjects seated and leaning slightly forward (4). Although usually adjusted to record the difference between esophageal and atmospheric pressure, transpulmonary pressure (differential pressure between esophagus and mouth) also could be observed (see Figure 1 ). It was assumed that the esophageal balloon recorded the instantaneous average pressure over the outer surface of both lungs.
Respiratory volume was recorded with a sensitive spirometer 2 coupled to a potentiometer, the output of which, together with that of the esophageal pressure gauge, was recorded on a laboratory polygraph. The circuit ( Figure  1 ) consisted of a mouthpiece and low-resistance box valve (5) connected to the oxygen-filled spirometer, so that during control observations all of the expired gas passed through the soda-lime absorber. During hyperventilation an adjustment to the three-way stopcock, T1, deflected expired gas to the inspiratory line so that expired gas was now partially rebreathed. By selection of a dead space of appropriate size, overbreathing could be achieved without discomfort or faintness resulting from hypocapnea. During resistance breathing the continuity of the circuit was restored, but stopcocks T1 and T2 Figure 2 . All tubing was of 32 mm internal least 4 hours, the subjects rested in a chair for 30 minbore; thus, resistance to flow was small during control utes, breathed pure oxygen for 5 minutes, and then unobservations and hyperventilation. During resistance derwent initial control observations for 8 to 12 minutes. Thereafter, increased respiratory activity was initiated in one of the two ways mentioned. For hyperventilation the subject voluntarily increased his ventilation for 1 to 3 minutes, the apparatus being adjusted for rebreathing. Continuity of the circuit was then restored and control observations again made for a further 8 to 12 minutes. Resistance breathing was likewise preceded and followed by periods of control observation. During the 1 to 3 minutes during which the normal subj ects inspired and expired through added resistances, they were instructed to use sufficient effort to maintain the ventilatory volume at normal levels. Unlike the normal subjects it was found that none of the patients could tolerate resistance breathing.
Oxygen consumption during control periods before and after the period of increased ventilatory activity was derived from the slope of the spirometer tracing. The lines describing these slopes, although parallel, do not meet when projected through the period of increased respiratory work but are separated by a distance equivalent to the additional oxygen consumed by the increased work (6, 7) . When the oxygen consumption of the second control period differs from the first, the lines describing each are not parallel and the distance between them can no longer be used to determine the increase of oxygen uptake during the period of increased respiratory work. An arbitrary decision was made to exclude all studies in which the control oxygen uptake values before and after the period of increased respiratory activity differed by more than 20 ml per minute. Oxygen uptake values were expressed as STPD, lung volume measurements as APTS, and the breath volume used for computing the respiratory mechanical work was measured at room temperature and pressure.
Mechanical respiratory work per breath was estimated from the area of the loop which resulted from plotting instantaneous esophageal pressure and volume with the addition of that portion of a triangle describing work against lung elastic forces which fell outside this loop. The base of the triangle describing the elastic forces was plotted at the end-expiratory pressure level, not, as is usual, at atmospheric pressure. Because data are based on diffcrcnces between control periods and periods of increased respiratory work, this method of plotting the pressure volume diagram seemed permissible and had the advantage of avoiding the considerable error which may result when absolute levels of pleural pressure, as distinct from respiratory fluctuation, are derived from esophageal pressure measurements (3) . The product of the average work for 6 to 12 breaths and the frequency gave the respiratory work expressed as kilogram-meters per minute.
The work thus measured, therefore, represents the work performed by the chest cage and diaphragm on the lung and its contents. It includes the work of the abdominal and other accessory muscles during increased work. It does not include the work of the respiratory muscles on the chest cage itself and on the abdominal viscera.
The efficiency of this system was estimated by ex- pressing the increase in mechanical respiratory work, as defined above, as a percentage of the energy equivalent (kilogram-meters per minute) of its increased oxygen consumption. 1 Respiratory force was defined as the force exerted, at any instant, by the chest and abdominal muscles on the lung surface, the area of which includes the diaphragmatic and thoracic surfaces of both lungs, but not the mediastinal surface. It was impossible to measure this area but, as a first approximation, it was assumed to equal the outer surface of a solid hemisphere equal in volume to the functional residual capacity. Force per breath was obtained by the product of the mean esophageal pressure per breath (as defined later) and this area. The resultant values depend too greatly upon approximations to be accepted as defining with precision, in kilograms, the actual force exerted. However, inferences based on changes in these values rather than on the values themselves are valid.
Esophageal pressure per breath was measured from the pressure curve. For this purpose it was assumed that the end-expiratory esophageal pressure was the result of the balanced elastic recoil of the chest and lung; change of pressure from this value resulted from the application 3 A respiratory quotient of 0.8 was assumed. Resistance breathing, which could only be performed by the normal subjects, gave results which were strikingly different from those obtained during hyperventilation (Table IV When the data relating oxygen cost to respiratory work for normal and cardiac subjects were plotted ( Figure 3A) it was apparent that they were indistinguishable, falling in two distinct slopes for resistance breathing and hyperventila- 
FIG. 3. THE RELATIONSHIP OF OXYGEN COST TO RESPIRATORY MECHANICAL WORK (A) AND TO AN INDEX OF RESPIRATORY FORCE (B)
. The regression equations are based on the data for normal subjects. 0 = normal subjects during hyperventilation (H); 0 = patients with heart disease during hyperventilation; =normal subjects during resistance breathing (R) ; * = patients with obstructive lung disease during hyperventilation. tion, respectively. The patients with obstructive lung disease, however, who in spite of attempted hyperventilation could achieve little increase in ventilatory volume, gave values comparable to those of the normal subj ects performing resistance breathing. When oxygen cost was plotted against force ( Figure 3B ) the normal and cardiac subjects were again comparable, although resistance breathing was achieved at a lower cost than hyperventilation. The data for the patients with lung disease were widely scattered. DISCUSSION A possible objection to the validity of these measurements is that major changes in lung volume during the period of increased respiratory activity would tend to alter the area of lung over which pressure was being exerted, and hence produce error in the computation of "force." As judged by shifts in the end-expiratory level of the spirometer tracing, however, these changes were not great. During hyperventilation, normal and cardiac subjects behaved similarly with an average reduction of functional residual capacity of 260 ml (range, 100 to 500 ml). As might be expected, the subjects with obstructive pulmonary disease tended to trap air during hyperventilation with an average increase of functional residual capacity of 200 ml (range, -100 to + 600 ml). During resistance breathing the end-expiratory level tended to change from breath to breath, the average change in functional residual capacity in normal subjects being an increase of 111 ml (range, -400 to + 600 ml).
Previous estimations of the efficiency of respiration in normal subjects have shown considerable variation, from as low as 1 per cent (6) to as high as 25 per cent (8) . Such discrepancies may be due to differences in the methods of measurement of oxygen cost and of respiratory mechanical work and to differences in the nature of increased respiratory activity.
In most previous studies the oxygen uptake has been measured during prolonged periods (7 to (9) (10) (11) . Therefore, divergent values for efficiency are unlikely to be due largely to differences in measuring the oxygen uptake-they are more likely due to differences in the method of measurement of respiratory mechanical work.
The efficiency of the combined chest and lung for external resistance work, assessed in three studies (6, 7, 10) , gave results of 1 to 10 per cent. In two studies (8, 9) , respiratory mechanical work estimates during unobstructed hyperventilation were derived from the area of loops obtained by plotting esophageal pressure against respiratory volume, as in the present study. The values for efficiency for hyperventilating normal subjects obtained in the present study (average, 3.19 per cent) agreed with those in one of these reports (9) but are well below those (19 to 25 per cent) reported in the other (8) . A possible reason for this discrepancy is the use of the supine posture by the latter workers. Mead and Gaensler (3) have reported that the esophageal pressure fluctuation may exceed the simultaneous pleural pressure by as much as 60 per cent in the supine position, an artifact which might lead to very considerable overestimation of the mechanical respiratory work.
Irrespective of the absolute values for efficiency obtained in this study, however, it is clear that when the same method is employed for estimating efficiency during both hyperventilation and resistance breathing, the efficiency during the former activity is greater. It should be recalled, however, that in the present study the efficiency of the chest as a whole has been considered. Mechanical work measured did not include that of moving the chest cage or the abdominal contents. For resistance breathing, during which resting ventilatory levels were maintained, there would be no significant increase in the energy expended in moving the chest and abdominal structures so that the calculated efficiency would be unaffected. During hyperventilation, however, unmeasured work was performed on these structures, resulting in an underestimate of the efficiency of the respiratory muscles. If this additional mechanical work could be measured and included in the estimation of efficiency, the discrepancy between resistance breathing and hyperventilation would be even further increased. Thus, in Figure 3A the resistance plots would be unchanged, but those representing hyperventilation would be displaced further to the right.
Consideration of the data for respiratory force, however, is very different. This term likewise described the force applied by the intact chest, diaphragm and abdominal muscles to the lung's surface. Force supplied by the respiratory muscles to the ribs and abdominal structures was not measured. As before, this omission would not affect the relationship of force to oxygen uptake during resistance breathing, but would cause an underestimate of the force exerted by the respiratory muscles during hyperventilation.
If the force exerted by the respiratory muscles on the chest and abdominal structures could be measured and included, the line in Figure 3B describing observations made during hyperventilation would be displaced to the right; that is, nearer to the line describing resistance breathing. In fact, it seemed possible that the discrepancy between the regression equations describing resistance breathing and hyperventilation might be an index of the oxygen cost of moving the chest wall itself.
To check the validity of this hypothesis in Subject 1, measurements were made of the compliance and resistance of the chest wall and lung both separately and together.4 From the instantaneous volume and flow values, the pressure necessary to deflect the chest wall was computed from instant to instant and added with the appropriate sign to the esophageal pressures recorded in the previous studies. The resulting data for this subject are plotted in Figure 4 . In Figure 4A , it can be seen again that the oxygen cost of hyperventilation unit force appears greater than that of resistance breathing. With addition of the component of force estimated to be necessary to move the chest wall, the slopes for resistance breathing and hyperventilation cannot be distinguished ( Figure  4B ).
This suggests that the relationship between oxygen cost and respiratory muscle force may be represented by two slopes which will diverge according to the amount of force which is exerted against the chest and abdominal structures. In other words, the divergence between these slopes (Figure 3B ) may represent the additional energy cost of moving the chest and abdominal structures during hyperventilation. No such explanation, however, could account for the differences observed in oxygen cost per unit respiratory mechanical work for the two forms of respiratory activity ( Figure  3A ).
The observations made on patients with heart and lung disease are too few for any but tentative conclusions. The oxygen cost of hyperventilation in the subjects with heart disease was indistinguishable from that of normal subjects in spite of the fact that the cardiac subjects, although not severely incapacitated, had detectable abnormalities of lung mechanics (Table I) . It is likely, however, that heart disease of sufficient severity must result in a significant elevation of respiratory oxygen cost, and Cournand and co-workers did demonstrate this in a comparison of one normal subject with one patient suffering from tight mitral stenosis (13) . In the presence of obstructive lung disease, however, the oxygen cost of hyperventilation was very high, due primarily to the high levels of mechanical respiratory work necessary for the small ventilatory increase. It was also due in part to the fact that the oxygen cost per unit mechanical respiratory work was increased above normal. Low respiratory efficiency in emphysematous subjects has been reported previously by Cherniack (10) and is supported by the figures of Fritts, Filler, Fishman and Cournand (9), although they did not consider the values to be "greatly different" from normal. There are two possible reasons for the finding of a reduced mechanical efficiency in these subjects. One is inherent in the method by which mechanical work is computed, i.e., the product of esophageal pressure and volume of gas moved. High levels of obstruction of the airway must result in reduction of the ratio of work measured to energy consumed.
As an extreme example, in maximal respiratory effort against a completely obstructed airway the oxygen consumption will be great, mechanical work measured nil, and efficiency, thus, zero. There is no reason, however, for the force measured to fall off in this way even with complete airway obstruction.
An alternative reason for the low mechanical efficiency measured in the subjects with obstructive lung disease is that their respiratory muscles were acting at a mechanical disadvantage due to hyperinflation. Consideration of the force data provides some support for this ( Figure 3B ). These subjects, while attempting hyperventilation, failed to increase their minute ventilation greatly in spite of considerable effort (solid squares, Figure 3B ), and were thus, in effect, performing "resistance" breathing. The oxygen cost per unit force, however, was apparently higher in most instances than that of normal subjects breathing against increased resistance. These findings indicate an increased oxygen consumption per unit force developed and would be consistent with the working of the respiratory muscles at mechanical disadvantage.
The present findings suggest that as a parameter for comparison with energy consumption, force is a more meaningful expression than mechanical work. A similar conclusion has been reached for heart muscle. Thus, it has been shown that, although heart work augmented by the elevation of arterial pressure consumes more oxygen than does work increased by augmenting venous return, the product of force developed and time appears to relate in a linear fashion to myocardial oxygen consumption over a wide range (14) (15) (16) whatever method is used to increase heart work.
Force may also relate more significantly than mechanical work to other respiratory parameters. Marshall, Stone and Christie (17) , comparing the onset of severe dyspnea in normal, emphysematous and mitral stenotic subjects, found that, although the level of mechanical respiratory work at which dyspnea became limiting differed greatly in the three groups, exercise was curtailed by dyspnea at a comparable level of "respiratory force" in each group. Furthermore, Mead (12) has recently demonstrated that respiratory depth and frequency vary, not according to the minimal respiratory mechanical work necessary to secure alveolar ventilation, but rather with the minimal respiratory force.
Finally, it is clear that the high oxygen cost of hyperventilation in obstructive lung disease is not only due to increased work of breathing but also to an increased oxygen cost per unit work. This is unlikely to be an artifact in the measurement of respiratory work since the oxygen cost per unit force is also high in these subjects.
SUMMARY
In five normal subjects the oxygen cost of breathing was measured during two forms of increased respiratory activity: unobstructed hyperventilation and breathing in the presence of a high airway resistance. Oxygen cost per unit mechanical respiratory work was greater for resistance breathing than for hyperventilation. Inclusion of the work performed on the chest wall would have increased this anomaly.
By contrast, when related to an index of respiratory force, oxygen cost was higher for hyperventilation. When allowance was made for the force necessary to deflect the chest wall in one subject, the relationship between force and oxygen cost was similar for both forms of respiratory activity. Thus, force appeared to be a more logical parameter to compare with energy consumption than was mechanical work.
In four subjects with disturbances of respiratory mechanics due to heart disease the oxygen cost of hyperventilation was normal whether related to ventilatory volume, respiratory mechanical work or respiratory force.
In five subjects with obstructive lung disease the oxygen cost of hyperventilation was high. This was due both to increased mechanical work per unit volume ventilated and to reduced efficiency per unit mechanical respiratory work. Since oxygen cost per unit force was also high it was likely that the low efficiency was the result of the respiratory muscles' working at a mechanical disadvantage. van 
